In high purity Y 2 O 3 powders presence of small amount of erbium ions in cation sites was identified due to the luminescence bands observed by Raman spectrometer. The decrease of the luminescence intensity during high-energy ball-milling was explained. The mechanochemical processing induced the changes of Y 2 O 3 microstructure introducing distortion of the crystal lattice and oxygen vacancies in the cubic phase, substitution of tungsten at the cation sites in c-Y 2 O 3 , and incomplete phase transition of Y 2 O 3 from the cubic to the monoclinic structure. The influence of the particle-size decrease, caused by ball-milling, to luminescence was also considered.
Introduction
Yttrium sesquioxide (Y 2 O 3 ) ceramics have been intensively investigated for different technological purposes. For decades yttrium oxide has been an important material in ceramic industry, from constituent of ceramic superconductors [1, 2] , to wellknown YSZ ceramics [3, 4] . Y 2 O 3 is also used in electronic applications as a part of metal-oxide-semiconductor heterostructures in MOS transistors [5] [6] [7] [8] . It also plays an important role in preparation of novel light-emitting materials. Y 2 O3 is used as a refractory matrix in rare earth ion doped laser materials [9] . It is selected as a host because of favorable thermomechanical properties (high melting point, phase stability, low thermal expansion). A very good substitution of dopants is insured by similar crystal-chemical constraints for rare earth ions and yttrium [9, 10] . Y 2 O 3 structure corresponds to the C-type cubic bixbyite structure, space group Ia3 [11, 12] with 16 formula units in the elementary cell. There are 32 cation (six-fold coordinated) sites available for substitution of lanthanide ions: eight are centrosymmetric with C3i symmetry and 24 noncentrosymmetric with C 2 symmetry (Fig. 1a) . The sites with C 3i symmetry have a smaller crystal field, so Stark splitting of 4f orbital is smaller [13] . Moreover, since C 3i site has an inversion center, the selection rules forbid the electron-dipole (ED) transitions, but thermal fluctuations of Y 2 O 3 lattice destroy the perfect C 3i symmetry locally [14] , and the ED transitions can occur. There is no center of inversion in the C 2 site and the luminescence of incorporated lanthanide ions is predominantly connected with this site. At the pressure of 10-13 GPa cubic Y 2 O 3 exhibits the first-order reconstructive (irreversible) phase transition [15] to monoclinic structure, space group C2/m [16] . Monoclinic structure has 6 Y 2 O 3 formula units in the elementary cell with 3 nonequivalent cation sites (seven-fold coordinated) and Cs symmetry (Fig. 1b) . Bihari et. al [17] observed three sets of luminescence lines in doped monoclinic Y 2 O 3 , which correspond to three nonequivalent cation sites. In this work the luminescence bands was observed in high purity Y 2 O 3 (99.99%). The origin of the luminescence bands was identified and their properties were correlated to the changes of the microstructure. The ball-milling process was used as a method for inducing microstructure transformation and to introduce the strain at the nanometric scale. X-ray diffraction, transmission electron microscopy (TEM), and selected area electron diffraction (SAED) were used to investigate structural changes that influenced the luminescence properties. 
Experimental
The luminescence bands were observed in high purity commercially available powders of cubic (c-)Y 2 O 3 (purity 99.99%). It was used as starting material for ball-milling experiments. The milling of the powder was performed in air, using Fritsch planetary ball mill "Pulverisette 7" with vial and balls made of tungsten carbide. Powder-to-ball weight ratio was 1:50 and the milling time varied from 1 min to 3 h. Spectroscopy was performed using computerized Raman spectroscopy (RS) system, DILOR Z24 triple monochromator with Coherent INNOVA 100 argon ion laser, operating at 514.5 nm and 488.1 nm lines for excitation. An Anaspec's doublepass prism premonochromator was used to reduce parasite laser plasma lines. Laser power of 100mW was applied. To reduce the heating of the sample during the recording of the spectra, the incident laser beam was focused in the line shape. The XRD data were obtained on Philips PW 3040/60 X'Pert PRO powder diffractometer using Cu K_ radiation (λ = 1.54055 Å ) at 45 kV and 40 mA. The incident beam was passed through an X-ray mirror having divergence slit of 1/2°. The diffracted beam was directed to the detector through a parallel plate collimator with equatorial acceptance angle of 0.18°. The powdered samples were mounted on a single silicon crystal disc cut in a way of avoiding lattice planes, and thus providing no silicon diffraction and low background. The disc with a samplewas inserted into the sample spinner programmed to the revolution time of one second.
Step sizewas set to 0.02° with measuring time of two seconds per step. The structural and microstructural parameters were extracted using Rietveld refinement [18] with the program FULLPROF [19] . The scale factor, the background coefficients, the zero point of the detector, and the unit cell parameters were simultaneously refined, followed by the refinement of the Gaussian half width parameters, U, V, W, and the Lorentzian half width parameters, X, Y. These parameters define the diffraction profile function, which was chosen to be the modified Thompson-Cox-Hastings pseudo-Voigt (T-C-H pV) [20] , making the size-microstrain analysis straightforward. The crystal structure was refined in the space group of cubic Y 2 O 3 Ia3 (206), and monoclinic Y 2 O 3 C2/m (12) . The refinement incorporated weights wi based on the observed step intensities Y i , w i =1/Y i. The refinement was continued until the shift in any parameter, ∆x i , was less than one third of its estimated standard deviation, σi. The quality of Rietveld refinement was evaluated in terms of the discrepancy factor (weighted residual error), R wp , Bragg discrepancy factor, RB, and the goodness-of-fit indicator, GoF. The determination of the volumeweighted average grain sizes (D) and the r.m.s. lattice microstrain ([
)was achieved by the linebroadening analysis. The instrumental contribution to the peak broadening was removed by the deconvolution method with crystalline NIST SRM 660a as standard. TEM, SAED were performed on a Philips CM200 LaB 6 microscope. High resolution TEM (HRTEM) images were recorded on a Philips CM200 FEG microscope with field emission gun. Both TEMs were operated at 200 kV. For TEMmeasurements the samples were first suspended in chloroform, then treated in an ultrasonic bath, mounted onto the carbon-coated copper grids, and finally dried in air. HRTEM images were analyzed by Digital Micorgraph software [21] . When taking SAED patterns, the diameter of the selected area was 40 or 200 nm. The software Process Diffraction [22] was used to determine the interplanar spacing d from the diffraction patterns.
Results
The luminescence bands were observed in high purity Y ) excitation lines are used. When the excitation is changed to a different wavelength the Raman bands shift the same amount correspondingly, while the luminescence lines stay on the same absolute wave number (Fig. 2) . The bands identified as luminescence were very sharp and narrow, characteristic for 4f orbital electron transitions in rare earth elements (REE) [23] . Existence of luminescence in the spectra indicated the presence of the REE ions in the crystal lattice even if the declared purity of the samples is high. The spectra of three Y 2 O 3 powders (of different producers, but all having the purity of 99.99%) observed by RS instrument are displayed in Fig. 3 . Together with Raman bands characteristic for cubic phase of Y 2 O 3 , in spectra of all powders luminescence lines in region from 515 to 570 nm were observed after excitation with 514.5 nm. Since no luminescence is observed by RS from pure Y 2 O 3 in the same spectral region [24] , the occurrence of luminescence lines in the studied powders was related to the presence of very small amount of REE ions substituted in the cation sites of Y 2 O 3 crystal lattice. The effect of mechanical treatment on the luminescence is significant. After only one minute of milling in a high-energy ball mill, the luminescence part in the spectrum decreases drastically. After 10 min ballmilling, only the luminescence band near 539.5 nm was observed, while no luminescence can be detected in samples milled 1 h or longer (Fig. 4) . The partial phase transition to monoclinic structure was observed by XRD during and to milling (as will be shown later). The luminescence of REE ions in monoclinic (m-) Y 2 O 3 has been reported in literature [17] in the spectral range between 525 and 640 nm, but in our 180 min milled sample the luminescence bands were not observed even in large spectral region (from 514.5 to 837.9 nm). In spite of the partial phase transition to monoclinic phase, the most intensive Raman band of cubic phase (381 cm −1 for untreated sample)was present in all spectra (Fig. 4) . This band is shifted to the lower wave numbers and broadened with prolonged milling (Table 1) . The shift indicates the increase of the bond lengths, while the broadening indicates the disorder within the oxygen sublattice and the appearance of oxygen vacancies which caused Raman scattering from points of the Brillouin zone with q ∫0 [25] . The XRD powder patterns of untreated and milled Y 2 O 3 samples are shown in Fig. 5 , while structural data calculated by Rietveld refinement are shown in Table 2 . The calculated lattice parameter for cubic bixbyite-like structure (space group Ia3) of untreated material is somewhat smaller than 10.6041 Å (Y 2 O 3 : PDF 41-1105) [26] . Since the ionic radius of erbium ion (0.89 Å ) is smaller than ionic radius of yttrium (0.90 Å ), smaller lattice parameter is in agreement with substitution of Er in cation sites. The Rietveld refinement for 1 min milled sample identified only cubic bixbyite-like structure, space group Ia3 (Table 2) . However, the increase of average maximum microstrain and increase of lattice parameter after only 1 min of treatment was observed. The impact of milling on the samples becomes significant after 10 min treatment. Lattice parameter of the cubic phase had higher value than after 1 min of milling, and the microstrain also increased, while average grain size significantly decreased compared with 1 min milled sample (Table 2) . Moreover, the reflections of the monoclinic phase (space group C2/m) [26] (Y 2 O 3 : PDF 44-0399) appeared in the diffraction pattern of 10 min milled sample as denoted in Fig. 5 .
The weight fraction of the monoclinic phase, calculated from XRD pattern, was 47.4% (Table 2) with average grain size of 10.2 nm and significant 54.9×10 −4 average microstrain. By prolonged milling to 1 h or more the weight fraction of the monoclinic phase increased, and the grain size of this phase decreased to the value of 7.9 nm after 3 h of milling. At the same time, the average microstrain of the monoclinic phase decreased. The average maximum microstrain showed opposite trend in the cubic structure and increased with increase of milling time ( Table 2 ). The continuity of the diminution of the grains was also observed in the cubic phase of the sample. On the other hand, the lattice parameter of the cubic phase decreased after maximum value refined for 10 min milled sample. TEM was used to investigate possible influence of the nanostructural changes to the decrease of the luminescence bands intensity. The morphology of the starting and milled samples is similar due to the agglomeration of primary crystallites to a secondary structure (low magnification micrographs in Fig. 6 ). However, ring patterns in SAED become more and more continuous from starting powders to powders milled during prolonged milling time, indicating the crystallites become smaller and more randomly orientated, thus producing diffraction rings. HRTEM reveals that the crystallite size of powders with prolonged milling time is smaller then 10 nm, while the particle sizes observed at starting powder are more than 100 nm. Only the crystallites of the cubic structure were observed in HRTEM and in SAED pattern of 1 min milled sample, thus indicating that phase transition to monoclinic structure did not started. Crystallites of monoclinic phase were observed in samples milled 10 min or longer ( Fig. 6c and  d) . The nanosized crystallites of cubic (C) phase were still present in samples milled for longer time.
Discussion
The origin of luminescence is highly influenced by crystalchemical properties. The local crystal field at cation sites induces Stark splitting of cation electron orbitals. The symmetry of coordination polyhedra are responsible for the splitting of yttrium 3d orbitals [27] , but also of 4f orbitals in REE, which can be substituted for yttrium in the crystal structure of Y 2 O 3 polymorphs. For c-Y 2 O 3 two six-fold coordinated cation positions with C 3i and C 2 symmetry exist [11] . When occupied with REE, 4f orbitals splits and luminescent emission takes place after laser excitation [28] . The spectroscopy experiments on Y 2 O 3 doped with various rare earth elements [29, 30] ascertain that only Er-doped samples yield luminescence at the wavelength range shown in Fig. 3 . Moreover, the shape and relative intensity of the luminescence bands observed in present work match with that observed in bulk and nanocrystaline Y 2 O 3 :Er +3 [9, 13, 31] , so corresponding assignment of the bands is given in Fig. 3 . Intensity of the detected luminescence bands is comparable to Raman bands, indicating that they are weak on an absolute scale. Thus, Raman spectrometer was recognized as the instrument of choice for inspection of small portion of REE ions in Y 2 O 3 .
Table 2
Structural data and refinement parameters for Y2O3 material calculated by Rietveld refinement of XRD powder patterns In m-Y 2 O 3 three 7-coordinated cation positions with C s symmetry accommodate yttrium and doped REE [16] . The luminescence from REE occupying these structural positions has been also reported [17, 32] . Since both structural modifications of Y 2 O 3 , which were observed in the present study after ballmilling, should show luminescence when doped with REE, and it is unlikely that the loss of REE occurred during the mechanical treatment, it is necessary to take into account additional structural considerations in order to explain the loss of luminescence bands. It is very likely that the decrease in intensity of the luminescence bands as a function of the ball-milling time (Fig. 4) depends on the creation of defects and so the oxygen vacancies. Studies on Y 2 O 3 thin film established that there is a significant influence of oxygen vacancies to the structure and thus electronic properties of Y2O3 [27, [33] [34] [35] [36] . Namely, the introduction of oxygen vacancies leads to the distortion of YO 6 octahedra in the structure of c-Y 2 O 3 [33] . The observed increase of microstrain caused by only 1 min milling ( Table 2) [36] . The elimination of oxygen vacancies in m-Y2O3 influences cation coordination polyhedra, leading to the change of crystal field, and thus causing the disappearance of Stark splitting of Er 3+ 4f orbitals with relevant electron transitions responsible for luminescence. The observed decrease of average microstrain of m-Y 2 O 3 with prolonged milling time reflects the decrease of distortion, which is quite unusual for milling process. This could be attributed to the defects annihilation associated with accommodation of excess of the oxygen vacancies. On the other hand increase of microstrain in c-Y 2 O 3 phase was observed during milling ( Table 2 ). The initial increase of the lattice parameter is encouraged by the microstrain, but after 10 min milling the decrease of the c-Y 2 O 3 lattice parameter is due to inbuilt of small amount of tungsten atoms (material of the mill) in the lattice, since the ionic radius of the tungsten (0.60 Å ) is considerably smaller than that of yttrium (0.90 Å ) and/or erbium (0.89 Å ). Nevertheless, no reflection of tungsten carbide was observed in XRD patterns (Fig. 5) , thus indicating very low contamination during mechanochemical treatment. The substitution of tungsten at the cation sites could also hinder luminescence, since it eliminated Er +3 as luminescence origin. XRD and TEM reveal the nanostructuring of the Y 2 O 3 powders through high-energy ball-milling. However, reducing the particle size is unlikely the reason for the disappearance of the luminescence for the samples milled more than one hour, in which the primary particles have an averaged size of 10 nm. A decrease of luminescence in nanosized c-Y 2 O 3 was reported in literature, but is explained by the adsorbed OH − (and CO 3 − ) as surface contaminants [9, 31] . In our ball-milled samples no such surface adsorbents were observed because no corresponding vibration bands were recorded in RS.
Conclusions
The small amount of REE ion (<0.01%), predominantly erbium, in commercially available Y 2 O 3 powders (purity 99.99%) was identified as origin of the luminescence bands observed by Raman spectroscopy instrumentation. The highenergy ball-milling induced the loss of luminescence upon mechanochemical treatment. The attenuation and complete removal of the luminescence in milled samples could be explained in respect of three parallel mechanisms: distortion of the lattice during mechanochemical processing inducing oxygen vacancies in the cubic phase, substitution of tungsten at the cation sites in c-Y 2 O 3 , and incomplete phase transition of Y 2 O 3 from the cubic to the monoclinic structure. The phase transition partially changes oxygen arrangemen around cation positions occupied withYand REE thus changing the crystal field around cations, which influencing Stark splitting of 4f orbitals in REE and respective optical transitions. The reduction of the particle size and surface adsorbed OH − as the reason for the disappearance of the luminescence during ball-milling was shown less probable. The influence of the microstructure of nanosized Y 2 O 3 and so luminescence spectra evidenced in this work could affect the possible applications of Y 2 O 3 doped with lanthanides.
